305 dielectric and magnetic measurements or structural investigation. In contrast, very little is known about the behaviour of phonons in magnetoelectrics, although studies of phonons have in the past played a crucial role in the understanding of classic ferroelectrics. Phonons are also known to be altered by spin correlations thus offering a complementary and maybe even unique powerful tool to investigate coupling mechanism in magnetoelectrics. [39] [40] [41] Before going into details of phonon analysis and their coupling with spins, let us summarize some aspects associated with the origin and main characteristics of spin structure in orthorhombic rare-earth manganites. The main crystalline motif of their structure is the existence of MnO 6 octahedra, which run over chains by sharing apical oxygen ions. The 3d electronic orbitals of the transition Mn 3+ ions yield a rather multifaceted correlation between spin arrangements and crystalline structure, which is at the very origin of the broad range of physical properties observed in rare-earth manganites. In an ideal cubic crystal field environment, the 3d Mn 3+ orbitals are splitted into two degenerate higher energy states, called d(x 2 -y 2 ) and d(3z 2 -z 2 ), with e g symmetry, and three degenerate lower energy states, (d xy , d xz , d z ), with t 2g symmetry. Since e g orbitals are much closer to the 2p oxygen electronic orbitals, Coulomb interaction yields a partial degeneracy lifting of the 3d orbitals. Moreover, if the magnitude of the crystal field is much larger than spin-orbit coupling, a quenching of the orbital angular momentum occurs, reflecting the actual spin structure in rare-earth manganites. 42, 43 Over Coulomb interaction, the 3d electrons of Mn 3+ ions can assure different kinds of interactions. Whilst Hund and direct interactions favour ferromagnetic ordering of spins, Hubbard tends to align spins antiferromagnetically. Moreover, orbital degeneracy is at the origin of some types of superexchange interactions. From the substantial overlapping of these latter orbitals with 2p oxygen ones, a strong superexchange interaction is obtained. Contrarily, due to the orthogonal spatial orientation of the t 2g orbitals against the 2p oxygen orbitals and just a reduced overlapping with the 2p π ones, weak superexchange interactions are thus expected. 42, 43 In orthorhombic rare-earth manganites a significant distortion occurs associated with MnO 6 octahedra, which is known as the Jahn-Teller effect. 44, 45 This distortion, which occurs along the molecular fourfold axes, has the effect of lifting both orbital and electronic degeneracies, leading to a decrease of the total energy. 42, 43 The coupling between spins and lattice has become one of the major mechanisms to understand the interplay between magnetism and ferroelectricity occurring in rare-earth manganites with intermediate-range magnitudes of the GdFeO 3 distortion, as it is the case of ReMnO 3 , Re=Eu, Gd, Tb, and Dy. The so-called magnetoelectric effect has been understood in the scope of both phenomenological and microscopic theories. In the former case, contributions first from Landau and latter from Dzyaloshinskii and Moriya (DM) were presented, wherein symmetry conditions imposed by the magnetic point group are essential issues for understanding the emergence of the magnetoelectric effect. [46] [47] [48] In particular, both time and inversion symmetries are key issues for controlling the ME effect. Microscopic quantum theory of the ME effect has been developed by I. A. Sergienko et al 16 and Katsura et al. 49 These latter authors showed that ME effect and spin current are related to one another in non-linear spin structures, like spiral-like states. In fact, as both electric polarization and spin current belong to the same symmetry class, it is expected that are coupled together. The coupling was demonstrated by considering a cluster scheme with two transition metal ions intermediated by an oxygen atom shown in Figure 1 . By assuming the overlapping between the electronic wave functions of two adjacent sites i and i+1 with mutually canted spins, and , the inverse Dzyaloshinskii-Moriya model yields a local polarization p i , given by: 50 , .
(
, stands for the unit vector linking both sites, being A a constant reflecting spin-orbit interactions and spin-exchange. Thus, the cycloidal spin arrangement in rare-earth manganites enables an electric polarization to emerge, obtained by summing all of the local polarization . It comes out from equation (1) that the polarization lays in the cycloidal plane. As a consequence, in rare-earth manganites, the ferroelectric polarizations expected along a-and c-direction lay in the ab-and cb-cycloidal planes, respectively ( Figure 2 ). The inverse DM model has been successfully tested both theoretically and experimentally in a variety of magnetoelectric rare-earth manganite systems. 15, 16, 51, 52 The emergence of inverse-DM induced polarization in rare-earth manganites depends on the magnitude of the GdFeO 3 distortion, characterized by the amplitude of the Mn-O1-Mn bond angle or the rareearth ionic radius size. The following examples show that increasing (decreasing) the GdFeO 3 distortion (Mn-O1-Mn bond angle or the rare-earth radius size) enhances the inverse-DM magnetically induced polarization. The first example is the emergence of an electric polarization along the c-direction when changing from GdMnO 3 to TbMnO 3 and DyMnO 3 , which is associated with the increase of the GdFeO 3 distortion due to ionic radius size decrease. 53, 54 Further examples can be found in Gd 1-x Changes of the polarization state are obtained by continuously control the GdFeO 3 distortion by increasing dopant content, decreasing in this way the ionic radius size. In fact, above a certain doping level a long-range ferroelectric ground state is stabilized at low temperatures associated with an ab-cycloidal spin state, where electric polarization emerges along the a-crystallographic direction. For larger dopant concentration the cycloidal cb-plane spontaneously flops at higher temperature to the ab-plane at lower temperatures, along with a rotation of the electric polarization from the c-to the a-direction. 26 The examples referred to above undoubtedly evidence the role of the GdFeO 3 distortion to inducing electric polarization via inverse DM interaction. Moreover, it is has been established that this distortion has a crucial effect on the balance between the ferromagnetic superexchange interaction, associated with the next-nearest (NN) spins, and the antiferromagnetic superexchange one of the next-next nearest (NNN) spins. 13, 50 Increasing the GdFeO 3 distortion enhances the antiferromagnetic against the ferroelectric interactions. This mechanism apparently yields the reduction of the AFM(A) phase transition temperature with decreasing Mn-O1-Mn bond angle in orthorhombic rare-earth manganites, and the emergence of the AFM ordering or spiral spin ordering, where ferroelectric ground states can be stabilized. Several attempts have been made in order to develop microscopic spin models to understand the phase diagrams of rare-earth manganites. 13, 16, [59] [60] [61] [62] The essence of magnetoelectric properties can be described if they are mapped onto a frustrated classical S=2 Heisenberg model on a cubic lattice, with FM NN (J ab ), and AFM NNN (J 2 ) exchange interactions acting in the ab-plane, and AFM NN (J c ) exchange interaction along the c-direction, as it is shown in figure 3 . In the Hamiltonian the Mn S=2 spins are considered as classical vectors expressed as , , , with their components along a, b, and c axes of the Pbnm space group. The Hamiltonian includes four terms involving superexchange and DM interactions, and contributions from both single ion and cubic anisotropies, expressed as follows: 50 ,
wherein: J ab is associated with the AFM arrangement of e g orbitals in the ab-plane, while J 2 stems from AFM exchange between the two Mn e g orbitals in the b-direction, along the path defined by the two 2p oxygen orbitals. AFM J c comes from ferro-orbital stacking along the c-direction. As in manganites J ab and J c are comparable in magnitude, and J 2 is strongly dependent on GdFeO 3 distortion, it is evident the important role played by changing the Mn-O1-Mn bond to alter the magnetic properties of rare-earth manganites. Thus, it is expected that by increasing J 2 against J ab , the GdFeO 3 distortion will tend to stabilize spiral spin ordering with ferroelectric properties. This is in perfect agreement with the experimental results obtained in the rare-earth manganite systems referred to above. The second term of the Hamiltonian (Eq. 4) concerns the DM interactions. 47, 48, 63 The vector regards the Mn(i)-O-Mn(j) bond along the α cubic axis (α = x, y, z). Figure 4 shows the DM in-plane and out-of-plane vectors in the vicinity of the Mn(i)-O-Mn(j). From the spatial orientation of the e g orbitals it can be reckoned that while the DM vectors regarding in-plane Mn-O-Mn bonds are almost perpendicular to the plane, those corresponding to out-of-plane bonds are not. Recent calculations yield a magnitude three times larger for the out-of-plane DM vector relative to the in-plane one. It is worthwhile to note that α c has the same sign in each plane, though alternating along de c axis. Due to spin canting in the AFM(A) phase, a week ferromagnetism is thus expected along c axis, in good agreement with earlier results. 26, 64 The single-ion anisotropy contribution is determined by the octahedron environment of the manganese ion. The first term of equation 5 implies that the c -axis becomes a hard magnetization axis, as i is directed mainly along c. Contrarily, the second term evidences the existence of local magnetization axes along ξ i and η i , alternatively located in the ab plane. The cubic anisotropy term reflects the cubic anisotropy, which stems from the nearly cubic symmetry of the perovskite lattice. The contribution from orthorhombic distortion is not taken into account, since its magnitude is comparatively very small. Earlier experimental results, which were aimed at studying the magnetic, electric and magnetoelectric properties of rare-earth manganites, reveal that the GdFeO 3 distortion plays a major role by enhancing the AFM exchange interactions J 2 against the FM ones J ab . Thus, it is challenging to trace the (T, J 2 ) phase diagrams in order to understand those obtained experimentally as a function of either the rare-earth radius size or the concentration of dopant ion. Except for some distinctive details regarding the trace of the phase boundaries, the diagram shown in Figure 5 reproduces quite well the phase arrangement obtained experimentally. WFM+AFM(A) phase emerges for lower values of J 2 . For increasing J 2 values, AFM modulated phases are stabilized, where modulation is a consequence of DM interaction, here determined by α c = 0.30 meV. The modulation of the AFM phases is needed for stabilizing the ferroelectric ground state. It is also worth to note the flop of the polarization from P c at high temperatures to P a at low temperatures for higher values of J 2 . This flop is though puzzling. Since the c axis in rareearth manganites is always the magnetization hard axis due to the ∑ single-ion anisotropy, it is expected a higher energy for the bc-cycloidal spin state than for the ab one. The reason for the stabilization of the bc-cycloidal spin state for high J 2 values stems from considering the energy balance due to DM term for both bc-and ab-spin states. In fact, this balance dominates for high J 2 values the energetic disadvantage stemming from the hard c-magnetization axis. This means that the ab-and bc-cycloidal spins states are actually stabilized by single-ion anisotropy or DM interactions. Moreover, as the spins in the bc-cycloidal state are mainly associated with a component of DM vectors on the out-of-plane Mn-O-Mn bonds, it is expected that α c becomes an important parameter to determine the relative temperature range of both bc-and ab-spin states. It can be shown by increasing α c up to 0.38 meV that the Gd 1-x Tb x MnO 3 phase diagram can be reproduced, where for high values of J 2 just the bc-cycloidal spin state is stabilized in good agreement with earlier experimental results. Contrarily to earlier results, it is also evidenced that the flop of the cycloidal spin plane is quite independent of the f-electron moments, as it becomes clear from the (T, J 2 ) phase diagrams of Gd 1-x Tb x MnO3 and Eu 1-x Y x MnO3 systems. 24, 26, 31 Additionally, by analysing the single-ion anisotropies, it can be reckoned that the GdFeO 3 distortion energetically favours the orientation of the spins along the b axis in both the AFM(A) and sinusoidal collinear phases.
Case study: Eu
The coupling between spin and phonons has been observed in a broad range of materials, exhibiting ferromagnetic, antiferromagnetic, magnetoresistive, or superconducting properties. Many of them do not present magnetoelectric effect, evidencing that the existence of that coupling does not necessary lead to the emergence of this effect. [65] [66] [67] [68] Thus, if we aim at assessing the role of spin-phonon coupling to stabilize ferroelectric ground states, it will be undertaken in materials that exhibit magnetoelectric coupling. Orthorhombic rareearth manganites are actually good candidates as magnetoelectricity can be gradually induced by simply changing the rare-earth ion. 13, 16, 17, 50 This is the case of rare-earth ions passing from Nd, Sm, Eu, Gd, Tb, to Dy, which are quite suitable to study the way the magnetoelectric effect correlates with spin-phonon coupling. However, along with the change of the ionic radius size, an unavoidable change of the total magnetic moment will occur, due to the different magnitude of the magnetic moment of each rare-earth ion. The best way to have just the change of one variable is to preserve the magnetic moment by choosing a system that does not involve any other magnetic moments than those that stem from the manganese ions. There is at least one system that fulfils these requirements. The solid solution obtained by introducing yttrium ions at the A-site of EuMnO3. Since both europium and yttrium ions do not possess any magnetic moment by interchanging them the total magnetic moment remains constant. Most interesting is then what really changes? As yttrium has a smaller radius than europium by increasing yttrium content the effective Asite radius decreases accordingly. We have then a system worth to be studied, where by decreasing just the A-site effective site and consequently decreasing the Mn-O1-Mn bond angle, it will directly act on the balance of the ferromagnetic and antiferromagnetic interactions, tailoring in the way the phase diagram of the system. One of the consequences is the stabilization of spiral incommensurate antiferromagnetic spin structures, enabling the emergence of ferroelectric ground states on the basis of the DM model. From the phase diagram presented to above it is reckoned that the different compositions for x less than 0.5 can be gathered in several sets with specific physical properties. Thus, the experimental data obtained will be shown by taking this division into sets in account. But before going into it, let us summarize the state-of-art of the yttrium doped EuMnO 3 system.
General considerations about the phase diagram of Eu
The possibility of systematic and fine tuning of the A-site size, without increasing the magnetic complexity arising from the rare-earth ion, is achieved by the isovalent substitution of the trivalent Eu 3+ ion by Y 3+ , Eu 1-x Y x MnO 3 , with x < 0.55. This allows us for a continuous variation of the Mn-O1-Mn bond angle, which is associated with the development of the complex magnetic ground states and ferroelectric phases. The main features of the phase diagram of Eu 1−x Y x MnO 3 , with 0 ≤ x < 0.55, has been described on the grounds of competitive NN ferromagnetic and NNN antiferromagnetic interactions, along with single-ion anisotropy and the Dzyaloshinsky-Morya interaction. 50 Therefore, this system exhibits a rich variety of phase transitions from incommensurate to commensurate antiferromagnetic phases, some of them with a ferroelectric character, depending on the magnitude of x substitution. We should highlight the importance of this result as it definitely confirms assumptions forwarded in previously published works carried out in orthorhombically distorted rareearth maganites. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] What makes them a very interesting set of materials is the fact that they share a common GdFeO 3 -distortion, where the tilt angle of the MnO 6 octahedra becomes larger when the rare-earth radius decreases. This behaviour is illustrated in Figure  6 for several undoped rare-earth manganites and the Eu 1-x Y x MnO 3 doped system. 31 As it can be seen for undoped rare-earth manganites, by decreasing the ionic radius size, the Mn-O1-Mn bond angle decreases almost linearly. However, for the Eu 1-x Y x MnO 3 system, a significant deviation from the linear behaviour observed for undoped manganites, is detected. It is worthwhile to note that a much steeper slope is observed for the Eu 1-x Y x MnO 3 system. Since the slope of the Mn-O1-Mn bond angle as a function of x scales with the degree of competition between both the NN neighbour ferromagnetic and the NNN antiferromagnetic exchanges in the basal ab-plane, its phase diagram has then to exhibit very unique features, which distinguish the Eu 1-x Y x MnO 3 system from the others. Such features are apparent out from earlier phase-diagrams. 24, 26 Ivanov et al 58 , Hemberger et al 24 , and Yamasaki et al 26 have proposed (x,T) phase diagrams, for Eu 1-x Y x MnO 3 single crystals, with 0 ≤ x < 0.55, obtained by using both identical and complementary experimental techniques. Although the proposed phase diagrams present discrepancies regarding the magnetic phase sequence and the ferroelectric properties for 0.15 < x < 0.25, there is a good agreement concerning the phase sequence for 0.25 < x < 0.55.
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Recently, a re-drawn (x,T) phase diagram of Eu 1-x Y x MnO 3 , with 0 ≤ x < 0.55, based on X-ray diffraction, specific heat, dielectric constant and induced magnetization data, was published. 31 Figure 7 shows the more recent proposed (x,T)-phase diagram for this system. 31 The phase boundaries were traced by considering the phase transition temperatures obtained from the set of data referred to above. Below the well-known sinusoidal incommensurate antiferromagnetic phase (hereafter designated by AFM-1), observed for all compounds, a re-entrant ferroelectric and antiferromagnetic phase (AFM-2) is stable for x = 0.2, 0.3, and 0.5. The ferroelectric character of this phase was established by P(E) data analysis. Conversely, the AFM-3 phase is non-polar. 31 If the low temperature antiferromagnetic phase (AFM-3) were ferroelectric, as other authors reported previously, then, even though the coercive field had increased by decreasing temperatures, the remanent polarization would have increased accordingly. This is not confirmed by P(E) behaviour. In fact, the remanent polarization decreases to zero towards T AFM-3 , evidencing a low temperature non-polar phase. The decrease of the remanent polarization as the temperature decreases, observed for the compositions x = 0.2, 0.3, and 0.5, can be associated with changes of both spin and lattice structures. As no ferroelectric behaviour was found for 0  x < 0.2 down to 7 K, and taking into account magnetization data, we have considered a unique weakly ferromagnetic phase (AFM-3). Our current data do not provide any other reasoning to further split this phase. The phase boundary between AFM-2 and AFM-3 phases for 0.3 < x < 0.5 were not traced, since the experimental data do not indicate unambiguously whether a transition to a non ferroelectric phase occurs at temperatures below the lowest measured temperature. Moreover, it is not clear what are the phase boundaries associated with the polarization rotation from the c to the a-axis, in the neighbouring of the composition x = 0.5. The aforementioned (x,T) phase diagram is significantly different from other earlier reported. 24, 26 Evidence for a unique non-ferroelectric low temperature AFM-3 phase is actually achieved. 31 The origin of the ferroelectricity in these compounds is understood in the framework of the spin-driven ferroelectricity model. 16 In these frustrated spin systems, the inverse Dzyaloshinsky-Morya interaction mechanism has been proposed. However, based on experimental results, the magnetic structure has been well established only for the compositions x = 0.4 and 0.5. For the other compositions, the magnetic structure is not yet determined. Moreover, the ferroelectric properties of the Eu 1-x Y x MnO 3 have been also studied by measurement of the electric current after cooling the sample under rather highapplied electric fields (E > 1 kV/cm). As it was shown in Refs. 29, 30 and 32, Eu 1-x Y x MnO 3 exhibits a rather high polarizability, which can prevent the observation of the spontaneous polarization.
Experimental study and discussion
In order to ascertain the correlation between crystal structure and spin arrangements referred to above different approaches can be realized. One way is to use high-resolution Xray diffraction using synchrotron radiation, to figure out the behaviour of structural parameters across the magnetic phase transitions. Very recently, a work on Eu 1-x Y x MnO 3 system was published showing the temperature behaviour of some structural parameters across the magnetic phase transitions. 28 Anomalies observed in the lattice parameters and both octahedra bond angle and bond distances clear evidence spin rearrangements occurring at phase transition temperatures, which are in favour of a significant spin-lattice coupling in these materials. 28 Another alternative way to figure out magnetic-induced ferroelectric ground states is to study the phonon behaviour across the magnetic phase transition through Raman spectroscopy. As the electric polarization arises from lattice distortions, the study of the spin-phonon coupling is particularly interesting in systems that present strong spin-lattice coupling, as it is the case of rare-earth magnetoelectric manganites. Consequently, from both fundamental point of view and technological applications, to comprehend spin-phonon coupling is a central research objective. A variety of Raman scattering studies of orthorhombic rare-earth manganites, involving Pr, Nd and Sm, has evidenced a significant coupling between spins and phonons close and below the Néel temperature. 34 We also note that the effect of the magnetic ordering is very weak in magnetoelectrics rare-earth manganites involving other rare-earth ions like Gd, Tb, Dy, Ho and Y. 34 Since the change of the GdFeO 3 distortion is accompanied with the change of the magnetic moment due to the rare-earth ions alteration, a comparative analysis of the coupling between spin degrees of freedom and phonons is a rather difficult task. This is not the case of the solid solution consisting of orthorhombic Eu 1-x Y x MnO 3 system (0 ≤ x ≤ 0.5), since no magnetic contributions stem from europium and yttrium ions. In fact, the magnetic properties are entirely due to the manganese 3d spins. In the absence of other effects, a direct relation of spin-phonon coupling with the GdFeO 3 distortion can be achieved. We would like to emphasize that this distortion is a consequence of the Jahn-Teller cooperative effect and the tilting of the octahedra around the a-axis, which yield a lowering of the symmetry. As a consequence of this increasing lattice deformation, the orbital overlap becomes larger via the Mn-O1-Mn bond angle changing in turn the balance between ferromagnetic and antiferromagnetic exchange interaction. 50 The main goal is to understand how phonons relate with both lattice distortions and spin arrangements, and to determine their significance to stabilizing ferroelectric ground states. In the following, we will present and discuss the main experimental results obtained in the aforementioned system, in the form of polycrystalline samples. Details of the sample processing and experimental method could be found in Refs. 69 and 38. The Raman spectra were analyzed in the framework of the sum of independent damped harmonic oscillators, according to the general formula: 70 , , ∑ ,
by fitting this equation to the experimental data. (,) nT  stands for the Bose-Einstein factor, and oj A , oj  and oj  are the strength, wave number and damping coefficient of the j-th oscillator, respectively. In the orthorhombic rare-earth manganites, the activation of the Raman modes is due to deviations from the ideal cubic perovskite structure. Factor group analysis of the EuMnO 3 (with Pbnm orthorhombic structure) provides the following decomposition corresponding to the 60 normal vibrations at the -point of the Brillouin zone:
 optical = (7A g +7B 1g +5B 2g +5B 3g ) Raman-active + (8A u +10B 1u +8B 2u +10B 3u ) IR-active .
Since Raman-active modes should preserve the inversion centre of symmetry, the Mn 3+ ions do not yield any contribution to the Raman spectra. From the polycrystallinity of the samples, the Raman spectra obtained involve all Raman-active modes. Earlier reports by Lavèrdiere et al, 34 suggested that the more intense Raman bands are of A g and B 2g symmetry. Therefore in our spectra, the A g and B 2g modes are expected to be the more intense bands in Eu 1-x Y x MnO 3 . As these modes are the most essential ones for our study, we are persuaded that by using ceramics instead of single crystals, no significant data are in fact lost in regard to the temperature dependence of the mode parameters. Figure 8 shows the unpolarized Raman spectra of Eu 1-x Y x MnO 3 , with x = 0, 0.1, 0.3, 0.4 and 0.5, taken at room temperature.
The spectral signature of all Eu 1-x Y x MnO 3 (with x ≤ 0.5) compounds is qualitatively similar in the 300-800 cm -1 frequency range, either in terms of frequency, linewidth or intensity. Their similarity suggests that they all crystallize into the same space group, and that the internal modes of the MnO 6 octahedra are not very sensitive to Y-doping. This results is in excellent agreement with the quite similar structure, which is slightly dependent on Ycontent. 28, 38 Nevertheless, a fine quantitative analysis of the spectra evidenced some subtle changes as Y-concentration is altered. Some examples can be highlighted. The broad band emerging close to 520 cm -1 becomes more noticeable by increasing the yttrium concentration. The frequency of the band located near 364 cm -1 increases considerably with increasing x. An earlier work by L. Martín-Carrón et al, 45 regarding the frequency dependence of the Raman bands in some stoichiometric rare-earth manganites, has been used to assign the more intense Raman bands of each spectrum. The band at 613 cm -1 is associated with a JahnTeller symmetric stretching mode involving the O2 atoms (symmetry B 2g ) , 33, 45, 71, 72 the band at 506 cm -1 to a bending mode (symmetry B 2g ), the band at 484 cm -1 to a Jahn-Teller type asymmetric stretching mode involving also the O2 atoms (symmetry A g ), and the band at 364 cm -1 to a bending mode of the tilt of the MnO 6 octahedra (symmetry A g ). 45 From the mode assignment referred to above, it is now possible to correlate the x-dependence of the frequency of these Raman bands with the structural changes induced by the Y-doping. The more noticeable stretching modes in ReMnO 3 are known to involve nearly pure Mn-O2 bond and they are found to be slightly dependent on the chemical pressure. In orthorhombic rare-earth manganites, the stretching modes change less than 5 cm -1 , with the rare-earth ion substitution from La to Dy. 33 Figures 9 (a) and (c) show the frequency of the bands located close to 613 cm -1 and 484 cm -1 , respectively, as a function of x. 38 The observed frequency changes of only 2 cm -1 when x increases from 0 to 0.5, correlates well with a weak dependence of the Mn-O2 bond lengths with x. 38 The weak x-dependence of the frequency of these modes provides further evidence for a slight dependence of the MnO 6 octahedron volume and Mn-O bonds lengths on the Y-doping, in agreement with literature work on other rare-earth manganites. 28, 45 Contrarily, the modes B and T shown in Figures 9 (b) and (d) reveal a significant variation with x, 10 to15 cm -1 when x increases from 0 to 0.5. This feature correlates well with the x-dependence of the tilt angle. 38 The largest variations with x is presented by the lower frequency T mode, which is an external mode A g associated with the tilt mode of the MnO 6 octahedra. A linear dependence of the frequency of T mode in the tilt angle was in fact observed (see Fig. 7 of Ref 38) . The slope found, 5 cm -1 /deg, is much less that the slope obtained for other orthorhombic manganites (23 cm -1 /deg). 33 Mode B is assigned to the bending mode B 2g of the octahedra. 33 The two broad shoulders observed at round 470 cm -1 and 520 cm -1 are likely the B 2g in-phase O2 scissor-like and out-of-plane MnO 6 bending modes. Let us address to the temperature dependence of the frequency of Raman active modes. Figure 10 shows the unpolarized Raman spectra of EuMnO 3 and Eu 0.5 Y 0.5 MnO 3 , recorded at 200K and 9K.
As it can be seen in Figure 10 , the spectra at 200K and 9K show only very small changes in their profiles. Especially, no new bands were detected at low temperatures. The lack of emergence of infrared Raman-active bands, even for those compositions where the stabilization of a spontaneous ferroelectric order is expected, may have origin in two different mechanisms: either the inverse centre is conserved or the ferroelectric phases for x ≥ 0.2 are of an improper nature.
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Despite the absence of new Raman-active bands, an analysis of the spectra reveals striking anomalies in the temperature dependence of some phonon parameters throughout the magnetic phase transitions. According to the spin-phonon coupling models, one should expect detectable changes in the phonon frequencies on entering the magnetic phases, reflecting the phonon renormalization, proportional to the spin-spin correlation function for the nearest Mn 3+ spins. Aiming at searching for a spin-phonon coupling in Eu 1-x Y x MnO 3, we have followed the temperature dependence of the parameters characterizing the MnO 6 Raman-active modes. We have found that the symmetric stretching mode (SS) close to 615 cm -1 is the most sensitive to the magnetic ordering. In fact, this mode senses any change in the geometrical parameters associated with the spontaneous orthorhombic strain e and, so a strong coupling between the B 2g symmetric stretching mode and the electronic degrees of freedom is ascertained. In other rare-earth manganites, like Ca-doped PrMnO 3 , this mode is so strongly coupled with the electronic system that it can be used to control a metal-insulator transition, by its coherent manipulation through selective mode excitation. 73 The temperature dependence of the B 2g symmetric stretching mode frequency for different yttrium concentrations is shown in Figure 11 , together with the insets, which reflect the temperature dependence of the corresponding linewidths. In order to evaluate the effect of magnetic exchange interactions on the phonon behaviour, we start by defining the purely anharmonic temperature dependence of the frequency and of the linewidth of the different modes by the model: 74 (8) for the temperature dependence of the frequency of the transverse mode and: 74 (9) for the temperature dependence of its linewidth. In equations (8) and ( where  o is the characteristic frequency of the mode, (T) and (0) are the linewidths of the mode at the temperature T and 0 K, respectively. 74 The solid lines in Figure 11 correspond to the best fit of these equations to the high-temperature range data (T > 100K), with the adjustable parameters C, , (0) and  o . The results displayed in Figure 11 clearly show that for Eu 1-x Y x MnO 3 , with x = 0, 0.3 and 0.4, only a faint frequency shift is observed at T N in the temperature dependence of the phonon frequency, from the normal anharmonic behaviour. Contrarily, a significant negative frequency shift is found for x = 0.2, along with a negative and positive shifts observed for x = 0.1 and x = 0.5, respectively. For all these compounds the shifts appear well above the onset of the magnetic order and consequently it is very unlikely that these effects are driven by any sort of long range spin ordering. It may be that the shifts emerge when the temperature allows for some kind of local spin ordering.
The frequency shift of a given phonon as a function of temperature, due to the spin-phonon coupling, is determined by the spin-spin correlation function: 68, 75 • , where  is the renormalized phonon frequency at a fixed temperature,  o denotes the frequency in the absence of spin-phonon coupling, and  is the spin-phonon coupling constant. When ferromagnetic and antiferromagnetic competitive interactions are present, it was proposed for the frequency shift: 75, 76 ∝ +
where R 1 and R 2 are spin dependent force constants of the lattice vibrations deduced as the squared derivatives of the exchange integrals with the respect to the phonon displacement.
R 1 is associated with the ferromagnetic nearest neighbour and R 2 is associated with the antiferromagnetic next-nearest neighbour exchange. 75 The magnetic properties are determined mainly by the exchange integrals, which depend on the number of ferromagnetic and antiferromagnetic interactions in the system. This model predicts negative or positive frequency shifts depending on the relative strength between the ferromagnetic and antiferromagnetic exchange interactions, associated with the normal mode being considered. On the grounds of the model presented to above, the Raman frequency shifts displayed in Figure 11 can be understood by assuming the coexistence of ferromagnetic and antiferromagnetic competitive exchange interactions, and spin-phonon coupling in Eu 1-x Y x MnO 3 . As it has been assumed in current literature, we consider that the spin correlation functions of the nearest neighbours and the next-nearest neighbours have almost the same temperature dependence, 37 and thus, we take the same correlation functions for , S S and . Moreover, as we are dealing with the same eigenmode, we also assume constant values for R 1 and R 2. So, Equation (11) can be written as follows:
For x = 0, 0.1 and 0.2, the Raman shift is negative, increasing as the x value increases up to 0.2, where it takes its maximum value. This means that the difference R 2 -R 1 becomes more negative with x up to 0.2. For x = 0.3, the Raman frequency shift is also negative, but with a small value. On the other hand, for x = 0.4 and 0.5 a clear positive Raman shift is observed. It is worthwhile to stress that the weak ferromagnetic character of the compounds with x between 0 and 0.2 cannot be explain by this model, as it is associated with the number of the exchange integrals and not with the second derivatives to the phonon displacements, represented by the R 1 and R 2 coefficients. This in good agreement with fact that the ferromagnetic features in these compounds arise below 45 K -28 K, depending on x (see phase diagram in Figure 5 of Ref. 50), which is far below 100 K where the spin-phonon coupling mechanism emerges. Except for EuMnO 3 , the linewidth deviates, around 100 K, from the purely anharmonic temperature dependence behaviour. For x = 0.20, the linewidth presents a further anomaly at T N ≈ 50K where the temperature derivative of the wave number is maximum. In order to search for further corroboration of the spin-phonon coupling, we have also studied the temperature behaviour of the lattice mode associated with the rotational A g mode of the MnO 6 octahedra, which scales directly with the Mn-O1-Mn bond angle. Figure  12 shows the results obtained for 
Conclusions
The experimental results obtained in Eu 1-x Y x MnO 3 , with 0 ≤ x ≤ 0.5, using Raman spectroscopy noticeably reveal the existence of spin-phonon coupling in this system: shifts of the frequency of the normal modes relative to anharmonic temperature dependence, energy transfer mechanisms between modes, anomalies in the mode parameters both above and below to T N . This is most evidenced by the symmetric stretching and tilt modes associated with MnO 6 octahedra. Despite the existence of the spin-phonon coupling for all x values studied, spin-phonon coupling is not a sufficient condition to the emergence of ferroelectricity. As it can be observed in (x,T) phase diagram, ferroelectricity occurs only above x = 0.15, which means that other mechanisms are required. These mechanisms were theoretically established on the grounds of the model presented to above. 50 The relative magnitude of the Hamiltonian terms shape the (x,T) phase diagram, as J 2 increases. In fact, the emergence of the re-entrant ferroelectric phase stems from the increasing magnitude of the AFM against the FM interactions and of DM interaction. 30, 38, 50 An alternative way towards ferroelectricity is to apply an external magnetic field. 77 Experiments carried out in Eu 1-x Y x MnO 3 under magnetic field up to 55 T, can induce magnetic transitions to a multiferroic phase. 77 This same effect was also observed in GdMnO 3 , but for much lower values of the external magnetic field. 17 Figure 13 shows the frequency of the A g external mode as a function of the magnetic field, recorded at 10 K.
The anomalies mark the emergence of ferroelectriciy for a magnetic field of 3 T, in good agreement with earlier published results. 17 This in favour for the presence of a significant spin-phonon coupling in GdMnO 3 . Our results also yield the existence of spin-phonon coupling even above T N , which in favour of a coupling between phonons and magnetic ordering in the paramagnetic phase. In fact, our experimental results correlate with terahertz transmittance data in Eu 1-
x Y x MnO 3 . 27, 36 They yield the existence of electromagnons for x = 0.20, 0.30 and 0.50, yielding information on the static dielectric constant below T 1 , and evidencing a broad background absorption observed up to T N + 50K. 27, 36 We have also observed a frequency deviation from purely anharmonic behaviour, well above T N , associated with spinphonon coupling. Laverdière et al 34 have observed a softening for A g and B 2g stretching modes in, e.g. NdMnO 3 and DyMnO 3 , starting well above T N , which they relate to a small Mn-O expansion. Since manganites have peculiar local electronic and magnetic structures, it is also reasonable to associate this behaviour with local magnetic fluctuations, like in rare-earth nickelates. [78] [79] [80] Aguilar et al 27 have associated the existence of the terahertz background absorption in the paramagnetic phase with phonon-electromagnon coupling.
We have reconsidered the correlation between the total spectral weight below 140 cm -1 , depicted in Fig 2 of Ref. 27 , and the frequency shift calculated from our results for x = 0.20. The results are shown in Figure 14 . This result evidences a mechanism that involves spin-spin interactions, since the shift of the measured frequency (proportional to • ) for x = 0.2 scales with the spectral weight displayed in Figure 2 of the Ref. 27 , in the temperature range 50 K -100 K. The spectral weight, calculated from the sample with x = 0.25, is reported to be proportional to the phonon-electromagnon coupling in the paramagnetic phase, and it is also proportional to • . 
